Abstract Anammox biomass has a long duplication time and low yield, thus the process must be operated in reactors with good sludge retention, such as biofilm systems. Therefore, it would be important to research the ability of Anammox biomass to form biofilms under different conditions. The effects of shear stress and salinity (NaCl and CaCl 2 ) on Anammox biofilm formation were studied. Anammox bacteria showed good attachment capacity, with an initial adhesion phase lasting for 5-7 days at the different flow rates tested (Reynolds numbers 54, 63, 188 and 400). A four-parameter model was developed and the experimental data fitted well into the model. The presence of 5 g/L of each of the two salts favoured the formation of Anammox biofilm. The effects of CaCl 2 were stronger than those caused by NaCl. 15 g/L of NaCl was detrimental for the biofilm, probably due to an inhibitory effect.
Introduction
Anammox biomass is characterised by its long duplication time and low biomass yield [1] . This is an advantage because the production of surplus sludge is reduced; however, it also implies that the process must be operated in reactors with very good sludge retention. Some of the systems used to improve biomass retention are based on biofilm reactors, either with moving bed carriers [2] [3] [4] [5] [6] or fixed-bed systems [7] [8] [9] [10] .
The formation of bacterial biofilms must, necessarily, begin with the adhesion of a small number of bacterial cells to a surface [11] . Microbial adhesion has been described in the literature by means of Derjaguin-Landau-VerweyOverbeek (DLVO) theory, developed by Derjaguin and Landau [12] and Verwey and Overbeek [13] . According to this theory, the net interaction force arises from the balance between attraction forces (van der Waals type) and electrostatic double-layer forces, which are in general repulsive. The increase of the ionic strength of the liquid medium can reduce this electrostatic repulsion by compressing the double layer, thus an increase of the salinity can favour the biofilm formation.
Apart from DLVO forces, other interactions can play a role in the adhesion process, such as hydrophobic interactions in aqueous medium. Moreover, bacteria are capable of producing and excreting polymeric metabolites. Extending chains of polymers attached to cells can interact with the surface, holding the cells near the liquid-solid interface (polymer bridging) and favouring the adhesion [14] . The existence and properties of external appendages can also have a strong influence in the adhesion and growth of the biofilm. Therefore, the rate of adhesion depends not only on the surface type but also of the ability of the bacteria (or consortium) to attach.
An important factor to be considered is the fluid motion, which can have two opposite effects on biofilm formation. An increase in fluid velocity increases the shear stress exerted on the deposited microorganisms and this can cause the detachment and also the decrease of bacterial activity when microorganisms are not highly resistant to shear stress (i.e. Anammox organisms [15, 16] ). On the other hand, higher fluid velocities reduce mass transfer resistance between the bulk liquid and the biofilm, thus a higher biofilm growth can also occur.
The presence of inorganic ions may also affect microbial attachment to surfaces. Fernández et al. [5] have reported that high concentrations of NaCl can promote the granulation of Anammox biomass, which can be considered as a form of biofilm without support material. These authors also reported that Anammox organisms are relatively resistant to high salinity, and NaCl concentrations up to 10 g/L were not significantly affecting Anammox activity. Besides, Kartal et al. [17] obtained similar results and reported that freshwater Anammox bacteria could adapt to NaCl concentrations as high as 30 g/L.
About the effects caused by the presence of divalent cations such as Ca 2? , they are well known as promoters of anaerobic biomass granulation [18] . Divalent cations can form bridges between negatively charged groups on cell surfaces and the support material and they can also link exo-cellular polymers [19, 20] .
The use of dynamical methods to study bacterial biofilm formation allows the observation of the adhesion phase. The maximum adhesion capacity of each bacterial strain is related with the ability of the cells to form a biofilm [21] . Moreover, the results of the dynamical studies could be employed to develop a model useful to derive predictions about the growth of the biofilm [22] . Finally, the knowledge about the formation and properties of Anammox biofilms could be valuable in the design and operation of attached biomass reactors. Therefore, the objective of this work was to study the ability of the Anammox biomass to form biofilms under different conditions of shear stress and under the presence of salts.
Materials and methods
In order to monitor the growth of the biofilm along time, a mechatronic surface sensor (MSS) was utilised [23, 24] . The working principle of the MSS relies on the fact that the attachment, growth and detachment of biomass on a support can be studied measuring the changes on the surface waves applied through the biofilm. The sensor was composed of a polyvinyl chloride (PVC) plate with two electronic instruments glued on its outer surface, a piezoelectric actuator and a vibration sensor (accelerometer). The first one generated surface waves which propagated along the plate. The accelerometer was glued on the opposite part of the plate to measure the characteristics of the waves after they propagated through the plate. From this data, the associated software assessed all the wave parameters that can be correlated with the biofilm build-up, in particular the variation of the amplitude. The MSS device was inserted into a semi-cylindrical flow cell (internal diameter = 30 mm; equivalent hydraulic diameter = 18.3 mm), similar to the one described by Pereira et al. [25] The flow cell had a height of 1.07 m and an internal volume about 380 mL. It contained six removable sample collectors with a PVC plate (inner side) of about 1.9 cm 2 to take periodical samples of the biofilm. The specific mass of biofilm was periodically measured in terms of volatile suspended solids (VSS) per unit area by mechanically removing the biofilm from the PVC plates. A calibration of the MSS was performed for each experiment to find the relationship between the specific mass of biofilm and the amplitude of the vibration measured by the sensor. This relationship was assumed to be linear according to Pereira et al. [26] .
In order to reduce the noise of the signal, two statistical tools were employed. First, the 24 measurements corresponding to each day were used to calculate a daily average. The second step was to use a weighted moving average (WMA), a widely used tool for cleaning and smoothing sensor data [27] . Five points were used in each case to calculate the average, two before and two after the central point. This central point had twice the weight of each other four points.
The processed data were fitted (Solver, Microsoft Excel) into two models for biofilm development. The first (Eq. 1) was developed by Melo and Vieira [22] to describe the evolution of Pseudomonas fluorescens biofilms. It is a relatively simple two-parameter model which considered both growth and detachment processes.
where m b is the biomass attached (g VSS/m 2 ), k 2 is the growth constant (g VSS/m 2 day) and k 3 is the detachment constant (per day). A more complex four-parameter model (Eq. 2) was developed in this work from the Melo and Vieira [22] model to include the attachment process. Taking into account the low growth rate of the Anammox biomass and the affinity of this kind of microorganisms to attach to different support materials [5] , the increase of biofilm thickness by attachment could be significantly compared to the one caused by biomass growth. This initial attachment was represented as a process with a rate which exponentially decreases with the time, thus its relative importance was high during the formation of the biofilm and lower afterwards. It was modelled with two additional kinetic constants (k 0 and k 1 ) representing the maximum rate of attachment and the kinetics of decay of the attachment process.
where m b is the biomass attached (g VSS/m 2 ), k 0 (g VSS/ m 2 day) and k 1 (per day) are constants related to the attachment rate, k 2 is the growth constant (g VSS/m 2 day) and k 3 is the detachment constant (per day).
To study the biofilm formation in the flow cell, an external Sequencing Batch Reactor (SBR) of 1 L of working volume was used. The reaction medium was pumped from the reactor to the bottom of the flow cell and, then, it was recirculated to the reactor. The SBR was operated in cycles of 6 h distributed in four periods: mixed fill (300 min), mix (30 min), settle (15 min) and draw (15 min). The system (reactor plus flow cell) was operated as a whole, and its Hydraulic Retention Time (HRT) was about 1.2 days. Temperature was controlled at 30°C and pH at 7-8. Complete mixture was achieved by means of a mechanical stirrer at 70 rpm. The reactor was inoculated with enriched Anammox biomass (0.3 g VSS/L with a specific activity about 0.22 g N/g VSS day) and, due to the low concentration of biomass, it was fed with a synthetic medium at a relatively low nitrogen loading rate of 0.06 g N/L day [28] . The performance of the whole reaction system (i.e. reactor plus flow cell) was monitored by means of routine NH 4 ? , NO 2 -, NO 3 -and pH measurements, according to standard methods [29] . The average nitrogen removal of the system was over 90 % along the whole experimental period. These data are not detailed in the ''Results and discussion'' because they are not significant for the purposes of this work.
A series of experiments were performed to research the influence of the shear stress and the salinity of the medium (Table 1) . Four different flow rates were tested. The lowest flow rate was near to the minimum, necessary to maintain the fluidized conditions of the biomass through the flow cell. The highest was chosen to avoid shear stress inhibition [15] . Regarding salinity tests, two salts were employed, NaCl and CaCl 2 . Fernández et al. [5] reported that the presence of NaCl improved the retention of biomass in Anammox reactors acting as a granulation promoter. Besides, CaCl 2 has been used as granulation promoter in anaerobic digesters [18] . The initial concentration tested in both cases was 5 g/L, which was supposed not to be significantly inhibitory for the Anammox biomass [5, 17, 30] . Later on, during test 7, a higher concentration of NaCl was tested. The duration of the experimental runs was in every case at least about 20 days, this means at least about 15 HRTs and more than 1 time of duplication of the biomass [31] , which was considered enough to attain a steady state. However, in some of the cases (especially runs 1-3), longer experimental times were necessary to confirm the observed trends. The start of each experimental run was done under transient operation, so as soon as the salinity was changed, the medium was flowing through the flow cell. This strategy was considered better because high salinity promotes strong auto-aggregation of the Anammox biomass [5] . If that phenomenon was happening inside the reactor, the strong and compact granules formed might prevent or reduce the attachment to the sensor and the PVC plates of the flow cell, apart from causing clogging/smashing in the pump. Besides, taking into account the relatively low HRT, the hydraulic steady state was attained in a short time after the perturbation.
Results and discussion
In order to study the effect of the shear stress, four experiments were performed at different flow rates ( Table 1) . The results are presented directly in terms of specific mass of biofilm (Fig. 1) , calculated with the raw data from the MSS and the calibration performed in each case. The initial trend in the four cases was quite similar, with a fast adhesion phase. However, in the latter runs (3 and 4), after the initial quick formation of the biofilm, a maximum thickness value was achieved and later it decreased until a stable value. A similar type of behaviour was observed in runs 5-7, under high salinity (Fig. 2) . Data of runs 1 and 2 suggested that the biofilm could not be as mechanically resistant as the biofilm obtained in the rest of the experiments. This may be an explanation for the wavelike shapes observed, probably caused by short detachment/attachment phenomena on some parts of the surface. The final stable state of the biofilm during runs 3 and 4 would agree with the report by Vieira et al. [32] , for the properties of biofilms subjected to high shear stress conditions. Besides, Pereira et al. [26] also reported that biofilms formed under high stress are more dense and stable.
The experimental results fitted quite well into the Melo and Vieira [22] model (Eq. 1) for low Reynolds numbers (runs 1 and 2), but this simple model was not able to Bioprocess Biosyst Eng (2014) 37:1955-1961 1957 explain the behaviour of the biofilms for higher stress conditions (runs 3-7). Since the low growth rate of Anammox microorganisms does not justify this initial increase of the biofilm thickness, it could be attributed to the attachment ability of the biomass. For this reason, when the second model was employed (Eq. 2), it was able to appropriately explain the behaviour of the biofilm and the experimental data fitted well into it. The values of the coefficients were obtained for each operational condition ( Table 2 ). The reciprocal of k 3 is related to the biofilm resistance to detachment. In the case of the experiments done at different salinity conditions and similar Reynolds numbers (runs 3, 5, 6 and 7), the minimum value of k 3 was obtained at salt concentrations of 5 g/L. This would indicate that these salinity conditions are optimal to promote the biofilm formation. The increase of k 3 value when the system was operated at 15 g NaCl/L (run 7) is probably due to the inhibitory effect of NaCl on the Anammox activity [33] . Dapena-Mora et al. [30] found that NaCl concentrations higher than 8.8 g/L could have an inhibitory effect over the Anammox activity when the biomass was not acclimatised. These authors also reported a IC 50 (concentration causing 50 % of inhibition of the Anammox activity) of 13.5 g NaCl/L, which agrees with the detrimental effects observed during run 7.
Comparing runs 5 and 3, done under the same shear stress (Figs. 1, 2) , but with and without NaCl, respectively, the behaviour obtained was similar. An initial very fast attachment phase was observed, followed by a phase with some instability of the biofilm and partial detachment. Finally, the biofilm achieved a relative stability. The main difference between both experiences was that the initial attachment rate and the final specific biofilm mass observed were much higher in the case of run 5. This fact could be attributed in the presence of sodium chloride.
According to the cation bridging theory proposed by Schmidt and Ahring [19] and Hulsoff Pol et al. [20] and taking into account that sodium cation is monovalent, it cannot form bridges between the cell and the support surface. Thus, its effects should be explained by other mechanism. One plausible hypothesis could be based on the fact that higher ionic strength of the liquid medium can help to reduce electrostatic double-layer repulsion forces, according to DLVO theory. The ionic strength of the medium before salt addition was about 0.02 M, and the increase caused by the addition of NaCl was about 0.09 M.
Morisaki and Tabuchi [34] tested several bacterial species (i.e. Pseudomonas syringae, Paracoccus denitrificans, Staphylococcus epidermidis) and they reported that the rate of attachment to a surface increased with the ionic strength until a maximum, and then plateaued. The same behaviour was reported by Poortinga et al. [35] . Furthermore, Zhu et al. [36] reported that deposition of extracellular polymeric substances (EPS) increased with increasing ionic strength, which confirmed the prediction by DLVO theory. EPS play an important role in cell aggregation, cell adhesion, and biofilm formation [37] . Thus, deposition of EPS can be the first step of the microbial adhesion when a biofilm is formed. Apart from this phenomenon, some incorporation of the salt into the biofilm was observed and swelling phenomena could take place. In fact, the biofilm samples taken during run 5 had an average of 37 % of inorganics, compared to\1 % for the samples taken during the first four runs when no salt was added.
The behaviour of the biofilm in presence of calcium chloride (run 6) was similar to the tests without salts, focusing on the first fast attachment phase (Figs. 1, 2) . However, an important difference was observed in this case. After this attachment phase, which reached about 21 g VSS/m 2 , the biofilm (Fig. 2 ) was stable and no significant detachment was observed. Therefore, the effect of this salt in stabilising a thicker biofilm was much more important than the observed with sodium chloride. This can be probably explained by cationic bridging [19, 20] together with the mechanisms previously explained for sodium chloride. The increase of ionic strength of the medium caused by the addition of CaCl 2 was about 0.14 M, higher than the caused by the same concentration of NaCl. Furthermore, Sobeck and Higgins [38] reported that cationic bridging theory is the one which best described the role of Ca 2? in bioflocculation. It is important to remark that the incorporation of calcium chloride into the biofilm matrix was happening in a bigger extent than the corresponding to NaCl during run 5 and biofilm samples had an average of 53 % of inorganics. Despite salinity being positive for the formation and stabilisation of the biofilm, this incorporation of salt into the biofilm could be detrimental for the activity of the Anammox biomass, especially in the case of precipitation phenomena [39] .
Finally, in the case of run 7, despite the fast attachment phase was again observed, its maximum was significantly lower than the observed during the previous six experiments. After this maximum was reached, the biomass attached continuously decreased and, at day 20, the biofilm mass was almost negligible. This behaviour might have been caused by inhibition of the Anammox biomass. However, that suspected inhibition was not causing a decrease of the removal performance of the system, which remained over 90 %. 
Conclusions
Anammox bacteria have a good capacity to attach and to form biofilms under the shear stress conditions tested. The observed initial adhesion phase was fast and, in general, lasted for 5-7 days. The presence of salts favoured the formation of Anammox biofilm probably because of reduction of electrostatic repulsion forces. The effects of the CaCl 2 were stronger than those caused by NaCl due to the concurrent effect of divalent cationic bridging. Incorporation of inorganics into the biofilm was observed in both cases, but it was more important with CaCl 2 . This effect can be potentially negative for the activity of the biomass.
A four-parameter model has been developed to represent the formation of Anammox biofilms under different conditions of shear stress and salinity.
